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Department of ECE at UCSD 
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─  51 faculty 
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─  Graduate program: 470 (about 50/50 M.S./Ph.D.) 
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─  Communication Theory and Systems 
─  Computer Engineering 
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─  Electronic Devices and Materials 
─  Intelligent Systems and Control 
─  Photonics/Opto-Electronics Program 
─  Radio and Space Science 
─  Signal and Image Processing 
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Center for Magnetic Recording Research 
■  Statistics 

─  Established in 1984 
─  15 involved faculties 
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─  $4M in funding last year 
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─  Over 150 graduated students are in industry positions, many high-level 

managers in top companies 
─  12 of the graduates became faculty in various universities in the US and 

abroad 
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─  Energy applications: Hard and soft magnetic materials 
─  Future technologies: Photo-magnetics, nano-composites, etc. 
─  Expertise includes experimental, theoretical, and computation groups 
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Motivation: Magnetic recording system 

Disk Drive
Suspended
MR Head

Rotating Thin Film Disk

Track width
A Recording Track

Slider/ MR Head

<D> = 8 nm 
SNR ∝ N # grains/bit 
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Motivation: Challenges of high-density recording  

§  Difficulties of scaling  
–  Small number of interacting grains        low SNR 
–  High thermal stability (                  )         strong anisotropy fields 
–  But only relatively weak fields (~1 T) can be generated by a head 

§  Solutions 
–  Look for new media 
–  Look for new recording methods 
–  Look for new phenomena 

50KV kT> ⇒

§  Recording density  

⇒
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Motivation: Heat assisted magnetic recording 

§  Heat assisted magnetic recording system 
–  Use thermal energy to write at low fields but still with high anisotropy 
–  System components 

• Optical part: Laser, delivery waveguide, plasmonic nano-transducer 
• Magnetic system: Write head, read head 
• Media: most likely FePt (                                        ) 
• Heat sink 
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Motivation: Optical excitation 

Optical pulse of ~100 fs  

§  Circularly polarized optical 
field can switch FePt media 
–  Heating and direct optical 

effects are involved 
–  Short-time switching and long-

time demagnetization are 
involved 

§  Media parameters 
–  Ms = 1 T 
–  Hk = 5 T 
–  ~8.5 nm grains 

Results by the groups of E. Fullerton and S. Magin 



Experiment: Switching in FePt media 
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15-nm FePtAg-C granular films  

Results by the groups of E. Fullerton and S. Magin 



Experiment: Switching in FePt media 
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Results by the groups of E. Fullerton and S. Magin 



Ferromagnetic Optical Switching 

§ Goals of this work 
–  Develop models of direct optical effect 

–  Study the demagnetization at longer time scales 

–  Consider realistic FePt samples via numerical modeling 
 



§ Granular media module 
–  General Voronoi tessellation 

• Distributions of shape, height, size, separation, material parameters 
• Single and multiple layers with option for sub-layer discretization 
• Surface and bulk exchange 

–  High performance: uses GPUs, low memory, fast 

Granular media module of FastMag 



Ferromagnetic Optical Switching 

§  Fast (fs) heating 
–  Two-temperature model 

§  Direct optical excitation 
–  Inverse Faraday effect with the Landau-Lifshitz-Bloch model 

–  Three-state model 

§  Demagnetization during cooling 

–  Landau-Lifshitz-Bloch equation model 
 



Landau-Lifshitz-Bloch media model 

§ Model 
 
 
 

§ Effective Field 

§ Thermal Field 
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Landau-Lifshitz-Bloch media model 

§  Anisotropy Field 
 
§  Longitudinal Relaxation 
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Two-temperature model 

§ Model 
–    

–  1D spatial system allowing for heat sink 
–  Te is the electron temperature (used in the magnetic simulations) 
–  Tl  is the lattice temperature 
–    
–  Electron temperature can rise at tens of fs rates  
 

  

Ce

∂Te

∂t
= ∇⋅ ke∇Te( )−G Te −Tl( ) + S(t)
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Te

Tl

  Ce = 1.4×106 Jm−3K −1, Cl = 8.8×106 Jm−3K −1, G = 8×1017 Wm−3K −1

Jiao, IEEE Trans. Mag., 2013  



Inverse Faraday effect 

§ Model 
–  Add a driving DC magnetic field in the LLB equation 
 
 
 

§  Assumptions/restrictions 
–  The media have high refraction index à vertical field 
–  There is no a clear relation to the optical field strength 
–  Very strong magnetic fields are required 



Faraday field at fs time scale 

§  Faraday magnetic field is 
applied 

§  Media parameters 
–  Ms = 850 emu/cc 
–  Hk ~ 50 kOe 
–  T = 660 K 
–  <8.5 nm> grains 
–  <11 nm> separation 

 



Faraday field: Switching dynamics 



Faraday field: pulse strength and duration 

630 K  640 K 650 K 655 K 658 K 

40 T 
1.3	  ps	   1.27	  ps	   1.24	  ps	   1.23	  ps	   1.22	  ps	  

60 T 0.87	  ps	   0.85	  ps	   0.83	  ps	   0.82	  ps	   0.82	  ps	  

80 T 
0.64	  ps	   0.63	  ps	   0.62	  ps	   0.61	  ps	   0.61	  ps	  

90 T 0.56	  ps	   0.55	  ps	   0.54	  ps	   0.54	  ps	   0.53	  ps	  

100 T 0.50	  ps	   0.49	  ps	   0.48	  ps	   0.48	  ps	   0.47	  ps	  

Phase diagram of the Faraday field strength-
pulse length required to switch 60% 



Faraday field: pulse strength and duration 

§  Faraday switching mostly 
preserves the product of 
the Faraday field strength 
and pulse length 



Three-state model* 
§  Assume all spins up initially 
§  Consider a three-state system 

–  Two magnetization ground states (spin up and spin down) 
–  Optically excited state 

§  Driving terms 
–  Optical electric field drives transition between the excited state 

and ground states 
–  Magnetic field drives transition between two ground states 

L. J. Sham August 20, 2014

Integrating Dynamics of Magnetization and Optical Polarization

I. INTRODUCTION

The core of the magnetization dynamics driven by a circularly polarized light is the

quantum dynamics of three macro-spin states. We follow the theory of Garanin [1] to

obtain first the dynamics of the Λ system of two magnetization ground states and one

optically excited state - an expanded LLB equation including a magnetic field driving the

magnetization dynamics between the two magnetization states and an oscillating electric

field driving the coherent and incoherent dynamics of one magnetization state and one

optically excited state connected by the high frequency electric field as well as the appropriate

dissipation terms. Then we include the effects of the spin wave or, more precisely, magnon

states by means of stochastic fields accompanying the driving electromagnetic fields [2].

Fig. 1 shows the important Cartesian axis to relate the magnetization directions to the light

propagation direction and helicity.

+  z 

Spin  

Mag up  

Spin  

Mag down   

Before laser After laser 

FIG. 1. Any vector (light wave vector, magnetization, or spin) along the z axis direction is said

to be “up”. Against that is “down”. The σ+ circular polarization of light propagating downwards

therefore flips the electron spin from up to down. The magnetization direction is opposite to that

of the electron spin because of its negative charge in the magneton factor e!/2m.

II. THE THREE-LEVEL OR Λ SYSTEM

Fig. 2 shows the notation of the three states, which for simplicity will be denoted by

|1⟩, |2⟩, |3⟩. Because of the dissipation, we represent a state as a density matrix, ρ̂, with

1

*Introduced by Lu Sham (UCSD) 

  

e↑ = 3

Mag ↑ Spin ↓

  

g ↓ = 2

Mag ↓ Spin ↑  

g ↑ = 1

Mag↑ Spin ↓



Three-state model 
§  The time evolution is expressed via the Lindblad equation 

 
–  The first term is driven by the Hamiltonian and it contains the effective 

magnetic field, the real amplitude of light, and detuning 
–  The second term gives the dissipative energy terms, including the 

longitudinal relaxation due to pumping and decay in the system and the 
contribution of decoherence 
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Three-state model 

–  If temperature is 
close to Tc, the 
optical transitions 
are enough for 
switching 

– The process is fast 
(~100 fs) 



Demagnetization study 

§  Simulate demagnetization of a granular media due 
to temperature above and below the Curie Point 
(Tc=660K) 

§  Simulation for different background DC applied 
magnetic fields 

§  Different cool down rates 



Dynamics of demagnetization 

 4ns cool down rate



Demagnetization vs. background field 

Below 600K à almost no demagnetization 



Demagnetization vs. cool down rate 



Overall dynamics 

Cooling Down 2ns Cooling down 4ns 
T=650K 



Laser Simulation 

§ Early time optical switching 
§ Cool down time of 2ns 
§  Pulse Length 500 fs 
§ Maximum Temperature (at 

the center): T=700K  
§ Tc=660K 



Laser Spot Optical Pulse (DC background) 



Laser Spot Optical Pulse (AC background) 



Summary 

§  Two models for early-time switching 
–  Inverse Faraday effect 
–  Three state model 

§  Long time demagnetization process determines 
the final state 

§  Similar effects can be observed in other systems, 
such as ferrimagnets, i.e. early time optical effect + 
long time micromagnetic (demagnetization) effects 


